Much of the existing research on rocky shore platforms describes results from carefully selected field sites, or comparisons between a relatively small number of selected sites. Here we describe a method to systematically analyse rocky shore morphology over a large area using LiDAR-derived digital elevation models. The method was applied to 700 km of coastline in southwest England; a region where there is considerable variation in wave climate and lithological settings, and a large alongshore variation in tidal range. Across-shore profiles were automatically extracted at 50 m intervals around the coast where information was available from the Coastal Channel Observatory coastal classification. Routines were developed to automatically remove non-platform profiles. The remaining 612 shore platform profiles were then subject to automated morphometric analyses, and correlation analysis in respect to three possible environmental controls: wave height, mean spring tidal range and rock strength. As expected, considerable scatter exists in the correlation analysis because only very coarse estimates of rock strength and wave height were applied, whereas variability in factors such as these can locally be the most important control on shoreline morphology. In view of this, it is somewhat surprising that overall consistency was found between previous published findings and the results from the systematic, automated analysis of LiDAR data: platform gradient increases as rock strength and tidal range increase, but decreases as wave height increases; platform width increases as wave height and tidal range increase, but decreases as rock strength increases. Previous studies have predicted shore platform gradient using tidal range alone. A multi-regression analysis of LiDAR data confirms that tidal range is the strongest predictor, but a new multi-factor empirical model considering tidal range, wave height, and rock strength yields better predictions of shore platform gradient (root mean square error of predictions reduced by 5%). The key finding of this study is that large-scale semi-automated morphometric analyses have the potential to reveal dominant process controls in the face of small-scale local variability.
Introduction 1
A range of landforms occur along rocky shorelines, but particular research attention has been afforded 2 to the distinctive low-gradient intertidal shore platforms that often occur in front of eroding cliffs (e.g. 3 Trenhaile, 1987; . Early studies of shore platform geomorphology were highly 4 descriptive and focussed on a small number of platforms, distinguished in their morphology in some 5 respect (e.g., Dana, 1849; Bartrum, 1926 Bartrum, , 1938 Wentworth, 1938; Edwards, 1951) . This is because 6 slow rates of morphological change and lack of preserved evidence restricted the application of process-7 based morphodynamic studies (Trenhaile, 1980; Stephenson, 2000) . Likewise, logistics dictated that 8 most researchers could work only at a single field site, or perhaps comparing a small number of field 9 sites. 10
11
In spite of such difficulties, there have been several key morphological findings reported in the late 20 th 12 Century, including: (1) a conceptual demarcation of two shore platform geometries as well as plunging 13 sea cliffs in relation to the relative force of waves and rock resistance (Tsujimoto, 1987; Sunamura, 14 1992) ; and (2) widespread positive correlation between mean shore platform gradient and mean spring 15 tidal range (e.g. Trenhaile, 1987 Trenhaile, , 1999 . However, some key areas of morphodynamic understanding 16 remain unclear. For instance, despite recent work describing how process dominance may change 17 through time (Dickson, 2006; Trenhaile, 2008a Trenhaile, , 2008b , it is apparent that the classical long-standing 18 debate over the relative dominance of wave and weathering processes has not been clearly resolved 19 (Stephenson, 2000) . Overall, despite a great deal of research, slow developmental trajectories, a very 20 wide range of forcing conditions and local site-specific factors mean that shore platform morphology 21
remains an ambiguous indicator of process (Mii, 1962) . mapping shore platform morphology at this [local 2 km] scale, there is an opportunity to consider 46 evolution of rocky coast landforms at the regional scale using a single dataset". 47 area. Our analysis focussed on the rock (shore) platform categorisation; transects were omitted if they 110 were categorized other than 'Rock Platform' or 'Cliff-Rock Platform', or had no categorisation, more 111 than one categorisation, or engineering features. As a result, 6,764 transect lines were obtained as 112 potentially useful shore platform transects (Table 1) Each transect line was extended 1.2 km in length to ensure that it encompassed the seaward and 116 landward extent of the landform of interest. Some transects were found to deviate significantly from 117 the shore-normal orientation of the coast, particularly where the coastline was rugged in planform. 118 These profiles were excluded by estimating the average shoreline bearing for each transect (on the basis 119 of the crossing points between shoreline and the two adjacent transects) and eliminating transects if D 120 < 60° or D > 120°, where D (0° <= D <= 180°) was the angle between the transect and the average 121 shoreline bearing (Fig. 2) . As a result, 1,223 transects out of potentially useful 6,764 transects were 122 excluded. 123 were developed to automatically store coordinate information of DEMs in a look-up table (LUT) and 128 extract cross-shore profile elevation data. For each transect, the corresponding DEM(s) was(were) 129 retrieved using a look-up table, and transect orientation and shoreline type were examined to select 130 "true" shore-normal shore platform transects. Elevation values were estimated at 1 m spacing across 131 transects by interpolating the values of the DEM cell within which each sampling point occurred, and 132 in the eight surrounding DEM cells (Fig. 4) . 133 Many different aspects of meso-scale shore platform morphology have been described in the research 139 literature (e.g. see Trenhaile, 1987) , and more recently there has been focus on micro-scale 140 morphological descriptions (e.g. Dornbusch et al., 2008; Dornbusch and Robinson, 2011) . For this study 141 we focussed on automatically characterising meso-scale morphology; the mean intertidal platform 142 gradient (PG), intertidal platform width (PW) and intertidal platform roughness (PR). These metrics 143
were determined for each cross-shore platform profile using three equations (Eq. Table 2 . Describing PG and 167 PW requires identification of the outer (seaward) margin of the shore platform. Kennedy (2015) has 168 described the difficulties faced with field researchers making this decision. We defined the outer margin 169 as the seaward point on a profile corresponding with MLWS elevation, because in the absence of field-170 survey, a repeatable classification method was necessary. 171 wave transformation was not modelled for this study. Instead, each transect was automatically 182 categorized as exposed, partly-exposed, partly-sheltered or sheltered, depending on the relative 183 orientation between the transect (from seaward to landward) and the prevailing WSW wave direction 184 in the study area (α). To obtain the nearshore wave height, the modelled 'deep water' wave height was 185 simply multiplied by a multiplier K, depending on α: K = 1 for 0°<=|α|<45°; K = 0.75 for 45°<=|α|<90°; 186 K = 0.5 for 90°<=|α|<135°; K = 0.25 for 135°<=|α|<180°) ( Table 3 shows the average PG/PW/PR values at each site. Of note, non-211 shore-normal profiles (dot lines) are excluded in the calculations presented in Table 3 . Most of the 212 extracted cross-shore profiles exhibit a low-gradient intertidal slope, extending from seaward at around 213 the MLWS elevation to a cliff-platform junction between MSL and MHWS elevations, particularly at 214
Hartland Quay (Fig. 9a ). Gradually sloping cross-shore profiles at Porthleven often occur at lower 215 intertidal elevations, and cliff-platform junctions sometimes occur even below MSL, resulting in very 216 steep cliff profiles or narrow ramps/ledges at upper intertidal elevations (Fig. 9b) . Examples of very 217 rough intertidal profiles, which vary markedly at intertidal elevations, occur at both sites (e.g. No. Table 3 , and (3) dot lines in cross-shore profiles indicate MHWS, MSL, and MLWS elevations respectively. Of note, different horizontal and vertical scales are used to show both whole cross-shore (transect 1) and intertidal cross-shore profiles (transects 2-10). 224 225 The average PG of the whole, central and lower intertidal profiles at Hartland Quay is between 1.7 and 227 2.6°, whereas the upper intertidal profile slopes at 6.3° on average, because of the influence of a steeper 228 gravel/boulder beach at the site (Table 3 and Fig. 8a) . At Porthleven the PG of the lower intertidal 229 profiles is less than 1 degree, whereas the cross-shore profile slopes steeply in upper and central portions 230 (32.0° and 16.8° respectively), due to the presence of the cliff face at upper intertidal elevations (Fig.  231   9b) . The average PR at both sites is highest for the whole intertidal profile and lowest for the upper 232 intertidal section, but there is no clear consistency in PRs found between the two sites (PRs at different 233 elevations were almost consistent in North Devon whereas there was an increasing trend of PR with the 234 elevation at Porthleven). It should also be noted that most of the PR values exceed the minimum vertical 235 accuracy of the DEMs used in this study. Hence, the roughness estimates are unreliable and cannot be 236 increasing from south-west (B) to south-east (C). In very general terms, the data indicate that from north 287 (A) to south-west (B) and south-east (C), shore platforms become flatter, narrower, and smoother. Some 288 clustering of data points is apparent in Fig. 11 , particularly between 100-150 km distance alongshore. 289
Testing confirms that when those points are omitted the same decreasing PG/PW/PR trends still occur. 290 291
Correlation with environmental conditions 292
Statistical analyses were undertaken to explore potential relationships between shore platform 293 morphology and MSR, wave height and rock strength. It is important to note at the outset that the quality 294 of data available for these analyses varies: the estimate of MSR and MSL for each transect is relatively 295 reliable, whereas only offshore wave conditions and transect orientations were considered to estimate 296 nearshore wave conditions, and rock strength data are coarse with no account taken of local structural 297 controls (e.g., strike, dip, thickness of beds, and fracturing). The results from this paper demonstrate that LiDAR-derived DEMs can be used to systematically 329 extract and analyse shore platform morphology at regional scales (i.e. hundreds of kilometres). This is 330 a new spatial scale of analysis in rocky shore studies; the vast majority of previous work has focussed 331 on descriptions of profile morphology across hundreds of metres to tens of kilometres at discrete field 332 sites. The discussion below (1) considers process controls on shore platform development in the study 333 area (~700 km of coast in southwest England), (2) describes a new simple empirical model describing 334 shore platform gradient, and (3) examines the potential broader applicability of the method described 335 in this paper for studies of rocky shore geomorphology. 336 337 6.1.
Process controls on shore platform morphologyPrevious field and modelling studies have suggested associations between platform morphology (e.g. 339 PG, PW, PR) and various aspects of the process environment (Table 4) . Perhaps the most widely known 340 of these is a general positive correlation noted in field surveys by Trenhaile (1972 Trenhaile ( , 1974 Trenhaile ( , 1987 Trenhaile ( , 1999 ) 341 between PG and MSR. In addition, positive correlations have been noted between PG and rock strength 342 (e.g. Trenhaile, 2005) , PW and MSR (e.g., Trenhaile and Layzell, 1981; Trenhaile, 2000 Trenhaile, , 2005 , and 343 PW and wave intensity (e.g., Sunamura, 1978; Trenhaile, 1999 Trenhaile, , 2005 Direct quantitative comparison of the trends observed in field studies with those found in this study is 348 difficult, owing to different classification and description methods. However, the overall qualitative 349 consistency between previous findings and our systematic and automated analysis of LiDAR data is 350 noteworthy. The results are also somewhat surprising (in the sense that trends exist at all) because: (1) 351 there are many potential sources of variability that exist from transect to transect; and (2) we have only 352 taken very approximate representations of the process environment at each site. 353
Observed relationships between shore platform morphology and controlling processes (i.e. MSR, wave 355 height, and rock strength) exhibit considerable scatter (Fig. 12) , and caution needs to be exercised in 356 any attempt to link correlation with causation. It is unsurprising that scatter exists given the approximate 357 way in which environmental conditions were estimated at each transect. For example, offshore wave 358 conditions mediated by shoreline orientation were used to estimate nearshore wave conditions, whereas 359 complex transformations in wave energy are known to occur as waves transform inshore toward each 360 transect, and these are not fully accounted for in our analysis. Our analysis also neglects any possible 361 formative role for storm waves, which have been linked to erosion on many rocky coasts (e.g. Bartrum, 362 1926; Edwards, 1941 Edwards, , 1951 Cotton, 1963; Sunamura, 1978; Trenhaile, 1980) including the southwest 363 of England (Earlie et al., 2015) . Further, Trenhaile (1987) example, Bird and Dent (1966) noted that in southeast Australia, wider shore platforms sometimes occur 374 in more sheltered embayments. Brooke et al. (1994) showed that some platforms on this coast are 375 inherited from previous sea-level highstands, and that these inherited platforms are sometimes wider in 376 sheltered environments as they have suffered less erosion of their seaward edge during the present sea-377 level highstand. The role of inheritance in shaping the geomorphology of contemporary shore platforms 378 in the southwest of England is not clear; however, there is an abundance of evidence for the presence 379 of raised shore platforms from previous inter-glacial period(s) (Orme, 1960) . These highstand platforms 380 'merge' with the contemporary platforms and this may have contributed additional scatter to the 381 correlations observed in this study. 382
383
Factors such as varied rock resistance and inheritance lead Mii (1962) to conclude that shore platform 384 morphology is a very ambiguous indicator of process. This statement has often been repeated (e.g. 385
Stephenson 2000). We have not attempted to account for complex potential sources of uncertainty in 386 our analysis, so the fact that trends can be seen between platform morphology and various indicators of 387 the process environment likely stems from the large spatial scale of analysis. For example, despite the 388 overall consistency, there are many local inconsistent trends seen in Fig. 11 . It appears therefore that 389 selectively but systematically observing morphology over a large spatial area, encompassing a wide 390 range of forcing processes, it is possible to observe the general nature of process-form dependency. 391
392
The present study illustrates that shore platform morphology is dependent on multiple controls: all of 393 the three controls we analysed had some association to platform morphology, and there will be other 394 controls that we did not study that are likely to be important as well (e.g. storm waves, weathering 395 processes, inheritance from former sea-level positions). Below we describe a simple empirical model 396 to describe shore platform gradient based on the three controls studied in this paper. 397 398 6.2
Empirical model of shore platform gradient 399 Several empirical models exist describing shore platform morphology, including the wave erosion 400 models of Tsujimoto (1987) and , which demarcates the development of sloping type-401 A and sub-horizontal type-B shore platforms in relation to the relative forces of wave erosion and rock 402 strength. Here we examine the empirical model of Trenhaile (e.g. 1999), which predicts mean PG in 403 relation to MSR. The field data included in Trenhaile's (1999) analysis cover a wide spectrum of tidal 404 regimes from micro to mega tides. A strong correlation exists between PG and MSR across the entire 405 MSR space, although scatter in the data mean that this correlation would not be obvious if analyses 406 were conducted across a narrow tidal range (see Fig. 2 in Trenhaile, 1999) .. An improved model of PG 407 for these data might benefit from consideration of additional environmental controls (beyond MSR is not at all unexpected given the coarse estimates of wave height and rock strength used. Our 427 expectation is that improved estimates (measurements and/or modelling) of a range of environmental 428 controls, coupled with large-scale morphometric analyses, would achieve better quantitative 429 understanding of the relative importance of different controls on rocky coast morphology development. 430 431
Conclusions 432
This study describes a new semi-automatic method for analysing shore platform morphology over large 433 spatial scales using LiDAR-derived surface elevation models. DEMs with 1 m spatial resolution and 434 0.1 m RMSE are sufficiently detailed to enable algorithmic calculation of shore platform gradient and 435 platform width (but not platform roughness). Our results from 700 km of coast in southwest England 436 are broadly consistent with previous field studies undertaken at a relatively small number of selected 437 sites in which it has been shown that shore platform gradient is positively correlated with tidal range. 438
In addition, we find that shore platform gradient varies with wave height and lithology and conclude 439 that in southwest England, shore platform gradient is best predicted using an empirical model that 440 considers tidal range, wave height and rock strength. There is considerable scatter in the relationships 441 but this is not surprising given the extent of local variability that exists along the coast, and the very 442 coarse way that process controls have been represented in our study (particularly wave height and rock 443 strength). Rocky shore geomorphology is known to be influenced by many factors that we have not 444 considered (e.g. storm waves, local geological discontinuities, morphological inheritance from previous 445 sea-level positions, etc.). In this regard it is encouraging that general relationships can be seen between 446 shore platform geometry and metrics of tidal regime, wave climate and geology. We conclude that this 447 is likely attributable to the very large scale of analysis conducted. Given the widespread availability of 448 high resolution coastal DEMs, it should be possible to conduct even larger scale analyses of rocky shore 449 landforms and formative environmental controls, particularly if it is possible to combine such analyses 
